GAGA-binding proteins in plants are encoded by the BARLEY B-RECOMBINANT / BASIC PENTACYSTEINE (BBR/ BPC) family, which can be spilt into several groups on the basis of sequence divergence. The proteins of the different groups share an evolutionary conserved BASIC PENTACYSTEINE (BPC) domain at their very Cterminus that is important for DNA binding. Hallmark of this domain are five Cysteines at defined positions and spacing, which are considered to form a zinc-finger like structure that is involved in GAGA-motif recognition.
with BBR/BPC members of both groups, to repress the expression of the transcription factor gene ABSCISIC ACID INSENSITIVE 4 (ABI4) [20] . These repressive mechanisms depend on the specific recruitment of protein complexes to defined chromatin loci in the plant genomes by different groups of BBR/BPC members.
Hence, a functional analysis of the DNA-binding mechanism is important to understand the specificity of this recruitment.
The different BBR/BPC groups differ by their structural features at the N-terminus and the central region of the proteins, which presumably harbor dimerization domains or nuclear and nucleolar localization signals [15] [16] [17] .
Only the BPC DNA-binding domain at the very Cterminus of the proteins is evolutionary conserved and displays a high degree of sequence similarity that extends over the group's boundaries [15, 16, 22] . The hallmark of that BPC domain is the presence of five Cysteine residues, which are highly conserved in position or spacing [15] [16] [17] . These Cysteines are believed to form a zinc-finger like structure and to make direct physical contact with the GAGA-tetranucleotide [17] . The purpose of this study was to examine the function of these five conserved Cysteines in Arabidopsis thaliana BPC1 and their role in GAGA-motif recognition by DPI-ELISA or protein structure prediction.
Materials and Methods

Protein Expression
The open reading frames of BASIC PENTACYSTEINE 1 (BPC1; AT2G01930) and BPC6 (AT5G42520) were amplified by PCR from a cDNA-library from Arabidopsis thaliana flowers without a stop codon for subsequent [28] . Truncations of the reading frames were generated by PCR. After sequencing, the specific insert was recombined via Gateway (Invitrogen) LR-reaction into the appropriate destination vector pET32b-GW [29, 30] . to the opposing Cysteine residues. To influence unwanted moving in the process, 'freeze' was applied to the entire dimer model, except for the four amino acids surrounding the opposing Cysteine residues. These residues were brought close to each other with the "drag" tool to enable the formation of disulfide bonds.
'Rubber bands' were removed and several rounds of 'repack' and 'minimize all' (behavior: start at 0.3 -end at 1.0; wiggle power: medium) was applied. The dimer model structure was entirely 'unfrozen' and several rounds of "repack" and "minimize" were applied on the "unfreeze all' (wiggle power: medium). The setting behavior was gradually increased (start at 0.3 -end at 1.0) to prevent breaking of the freshly formed bonds.
The resulting dimer model structure was exported as PDB file and imported into PyMOL for illustration.
Results
The Arabidopsis thaliana BBR/BPC family consists of three groups with seven members in total [15] [16] [17] . The similarities between these proteins are restricted to the BASIC PENTACYSTEINE DNA-binding domain [17] .
Sequence alignment between A. thaliana group I member BPC1 and BPC6, a group II member, discloses 75 % similarity and 56 % identity over the 99 amino acid long BPC DNA-binding domains (Fig. 1A) . Two regions of the BPC domains are of highest conservation:
On the one hand side, the N-proximal part containing the five conserved Cysteines. On the other hand, a sequence at the very C-terminus, which displays a WA R/K HGTN motif at its center. To investigate the DNAbinding properties by DPI-ELISA, we expressed BPC1
and BPC6 as recombinant His-epitope tagged proteins.
By immunological analyses of the crude total protein extracts, we found that both BPC1 and BPC6 formed stabile dimers in SDS-PAGE (Fig. 1B) . A characteristics of all BBR/BPC proteins is the BASIC PENTACYSTEINE domain that is crucial for DNA-binding [17] . The main features of this domain are the highly conserved Cysteines ( Fig. 2A) . To examine the contribution of the five Cysteines in DNA-binding, we conducted site-directed mutagenesis on Arabidopsis thaliana BPC1 to replace selected Cysteines with Glycine.
Six different mutant versions of BPC1 were made. In addition, we generated two truncations of BPC1 ( ). All BPC1 versions were expressed as recombinant His-epitope tagged proteins, which can be detected by immunoblotting (Fig. 2C) .
Interestingly, all signals were approximately double the expected size, which is indicative of putative dimer formation. Also both of the truncations displayed a much higher molecular weight than expected for the monomers.
The DPI-ELISA experiment uncovered that simultaneous (Fig. 3A) . Except for (Fig. 3A) . We next analyzed the reducing capacity of DTT on DNA-binding by DPI-ELISA ( however, led to a surprising increase in signal in the negative binding dsDNA-probe Kneg (Fig. 3B) . These data suggest an important role for dimer formation via intermolecular disulfide bonds in the specificity of (Fig. 3C) . With both supplemented buffers, no difference in binding was observed compared to the control experiment.
We next used protein structure prediction to derive a 3D model for the BASIC PENTACYSTEINE domain of BPC1.
The primary sequence of the domain was loaded into I-TASSER to derive a lead model. We decided for one model (Supplemental Data 1) that was most consistent with simple secondary structure analyses and displayed a consistent beta-beta-alpha-beta signature.
This predicted model structure of the BPC domain was loaded into FoldIt for relaxation and subsequently imported into PyMOL for illustration (Supplemental Data 2). The monomeric structure model uncovered that most of the conserved residues of the BPC domain reside at accessible positions at the domain's surface (Fig. 4) . Especially, the conserved WA R/K HGTN signature at the C-terminus of the domain is proposed to form a distinctive protrusion. In contrast, the conserved five Cysteines are predicted to be positioned close to each other and to be embedded in rather flat surface area.
Such a localization of the Cysteines is not consistent with the idea of the formation of a zinc-finger like structure.
In contrast, the 3D model implies that the PENTACYSTEINEs might form a scaffold for interaction via disulfide bonds, which is in agreement with the formation of stabile homotypic dimers. We, therefore, constructed an artificial homodimer on the basis of the monomeric 3D model structure ( Fig. 5A; Supplemental Data 3 Both sequences are probably contained in beta-sheets that possibly protrude into the major groove of the DNA to make contact to nucleotides at both sides of the structures [16, 46, 47] . In addition, the distribution and position of large and small or polar and aliphatic amino acid residues displays surprising similarities between these seemingly unrelated protein families.
The probable interaction as parallel oriented dimers suggest that two neighboring GAGA tetranucleotide motifs are bound, which is consistent with previous reports [16] . It remains elusive, however, whether or not BBR/BPC monomers are capable of binding to DNA at all. This study data and previous reports [17] demonstrate that the BPC DNA-binding domain alone is -dinucleotides in PREs in plants [18, 24, 26] . Also a genome wide analysis of GA/TC-dinucleotides uncovered a significant bias towards longer GAGA-motifs in promoter and in intron sequences [15, 25] .
The formation of homotypic dimers in Arabidopsis thaliana BBR/BPC proteins was reported before. Group II member BPC6 has been shown to dimerize with the aid of an Alanine-zipper interaction domain, which is localized in the N-terminal part of the protein [16] .
Opposing positive and negative charged residues form salt bridges that support a strong interaction of parallel dimers in vivo and in silico. Transient bimolecular fluorescence complementation (BiFC) experiments with a BPC6 version that lacks the C-terminus in Nicotiana benthamiana demonstrated that the BPC DNA-binding domain and its conserved Cysteines were not required for homotypic dimerization [16] . Spectro-microscopic analysis with FRET-FLIM consolidated a parallel dimer conformation in vivo [16] , which is consistent with our data presented in this manuscript on the parallel orientation of the BPC-domain dimers, which are essential for disulfide bond formation. Experiments with group I member BPC1 discovered bands that were shifted and supershifted in EMSA, which is an indication for dimer formation in vitro [17, 20, 49] . Unfortunately, [17, 20, 33, 49] . All these data suggest, however, the formation of higher order complexes of BBR/BPC proteins at GAGA-motifs.
The high degree of conservation of the five Cysteines in all BBR/BPC family members proposes a conserved mechanism. In the light of our recent findings, we
propose that these residues might possibly constitute a general interaction surface between BBR/BPC proteins, which implies a possible dimer formation also between members of different groups. Indeed, there is preliminary data that heterotypic dimerization between different group members might occur. A weak but significant heterodimer formation between Arabidopsis BPC1 and BPC6 was found in yeast two-hybrid experiments [16] . This interaction, however, could not be consolidated in BiFC experiments in planta [16] . In contrast, spectro-microscopic analyses with ectopically overexpressed BPC1 and BPC6 in heterologous Nicotiana benthamiana cells suggest a very close association of both proteins in the nucleus [50] . 
